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Abstract 
We systematically examine the tiling rules of graphene on various 3D surfaces including torus, helicoid, high-genus 
closed surface, doubly periodic quasi-minimal surface, and torus knot. Firstly, a thorough examination on the 
problem of finding possible isomers of highly symmetric toroidal carbon nanotubes (TCNT), which are isomorphic to 
torus, is presented. We then show that a particular class of TCNTs with n-fold rotational symmetry and well-defined 
latitude coordinates, uniquely characterized by a set of four indices, can be used as starting building blocks for 
constructing graphitic structures with nontrivial topology. Particularly, we discovered that complex graphitic 
structures are categorized into two major groups: (A) Tubu-lar CNTs as complex as torus knots can be obtained by 
altering the nonhexagon distribution on the molecular surface. In general, carbon nanotubes along any space curve 
such as HCCNT, can be approached with the geometric manipulation schemes (B) A large family of porous graphitic 
structures, either closed (0D) or extended (2D, 3D), can be classified by assembling suitable sets of neck-like 
structures. The neck structure is obtained by peeling the outer-rim of a TCNT off leaving the central hole unchanged. 
Depending on the occasion, necks with different geometric features are used and the resulting porous molecules can 
be high-genus fullerenes (0D), doubly periodic supergraphene (2D), or triply periodic quasi-minimal surfaces (3D). 
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1. INTRODUCTION
Since the discovery of C60 fullerene (Kroto et al. 1985) and carbon nanotube (Iijima 1991), pure sp2 
carbon nanostructures with novel morphologies are recognized as promising materials for the future 
owing to their unconventional physical and chemical properties. Large amount of scientific research 
effort has been devoted to the characterization of various kinds of graphitic materials, both theoretically 
and experimentally. Recently, single or multi-layer graphitic planes, graphene, have been experimentally 
observed and its peculiar electronic behavior has attracted considerable attention among materialists, 
chemists, and physicists (Neto et al. 2009). Apart from the above mentioned graphitic structures: 
buckyball, nanotube, and graphene, which are geometrically trivial yet providing plenty of material for 
scientific research, vast amount of effort has been devoted to the search of structures with more 
sophisticated geometries and topologies (Ihara et al. 1993; Itoh and Ihara 1993; Zhang and Zhang 1995; 
Krishnan et al. 1997; Lenosky et al. 1992; Akagi et al. 1995; Akagi et al. 1996; Lopez-Urias et al. 2003; 
Terrones and Terrones 1997; Ricardo-Chavez et al. 1997; Terrones and Mackay 1992;  Terrones and 
Mackay 1993). And it was repeatedly shown that graphitic structures of various exotic geometries can be 
thermodynamically stable and may possess novel physical properties. In this paper we summarize a 
variety of possible geometric forms that graphitic structures may possess. These graphitic molecules can 
be classified into two different groups: tubular structures and porous structures. Regardless of the group a 
molecule is classified into, its construction is originated in the construction of TCNT. Thus started from 
the discussion of TCNT, we will first examine the classification of buckled CNT according to the same 
scheme used in the case of TCNT. Then by sequentially introduce two different geometric operations that 
readily transform TCNT into helically-coiled CNT and finally CNT torus knots. In the second part of the 
paper, we will introduce the basic construction unit of the target porous structures, the neck structure. By 
replacing the polygons of a polyhedron or in a periodic tiling with suitable necks, finite or periodic porous 
graphitic structures can be obtained, respectively.  
2. TOROIDAL CARBON NANOTUBE 
In this section, we primarily focus on the construction and classification of a general family of TCNTs. In 
two recent reports from our group (Chuang et al. 2009), we systematically analyzed the possible isomers 
of these TCNTs. Here we will only briefly discuss their important geometric features, while the 
understanding of these features readily enables us to the classification of other graphitic molecules or 
solids possessing more complex topologies. 
2.1. Prismatic TCNTs 
In general, the construction of a polygonal TCNT can be viewed as a cut-and-fold procedure. First, we 
need to cut a suitable periodic polygon with a unit cell defined in Figure 1(b) from a planar graphene 
sheet and then fold the remaining area to form a polygonal torus as shown in Figure 1(a). Using this 
technique, Tamura et al. (Tamura et al. 2005) had shown that a family of achiral TCNTs with Dnh
symmetry can be systematically constructed by polygonal prisms defined by four parameters, 
 snnn ,,, 557775 , as given in Figure 1(b). The polygonal TCNT in Figure 1(a) has six identical rotational 
unit cells, and one of them is unfolded in Figure 1(b), which consists of two rectangles and two trapezoids. 
Note that the rectangular patches, ABB'A' and CDD'C', in the unfolded periodic polygon correspond to 
the inner- and outer-rims of a unit cell in the polygonal torus and their corners correspond to heptagons 
and pentagons in the folded TCNT, respectively. Whereas the two isosceles trapezoidal patches, BCC'B' 
and ADD'A', on the top and bottom of the polygonal TCNT connect both of previous two rectangular 
patches. Joining six identical unit cells side-by-side, one can form a TCNT with the six fold rotational 
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symmetry. The widths and heights of the two rectangles provide us four degrees of freedom to 
characterize each TCNT, as defined below.  The parameter 's AA a 
)))&
 is the width of ABB'A', where 
a  is the lattice constant of planar graphene. The width of CDD'C' divided by a  defines the parameter 
sn 75 , where 75n BC a 
)))&
 represents the topological distance between pentagon and heptagon. The 
heights of the rectangular patches, 77 3n AB a 
)))&
 and 55 3n CD a 
)))&
, represent the topological 
distances between adjacent heptagons and pentagons along the vertical direction, respectively. We note 
that the initial geometry of Dnh TCNT given in this way can be viewed as a hollow-prism.
Figure 1: TCNT with indices    2,1,1,2,,, 557775  snnn , and 6 rotn . (a) The D5h-symmetric TCNT. The shaded 
region shown is a particular rotational unit cell. (b) One rotational unit cell unfolded onto planar graphene sheet. 
In correspondence to the classification of Dnh TCNT described above, which resemble hollow-prisms, 
folding suitably cut graphene into hollow-antiprism leads to the construction of Dnd-symmetric TCNT, as 
shown in Figure 2(a). As in the case of Dnh TCNT, the definition of the geometric indices applies here as 
well. Albeit the meanings of 77n  and 55n  are slightly different from the above description, for they 
should be realized as the shortest distance between the upper and the lower trapezoidal patches of 
graphene. 
Figure 2: Dnd-symmetric TCNTs. (a) Achiral D6d TCNT C288, with indices  2,1,1,2 . (b) Chiral version of the TCNT shown in (a) 
with chiral vector  1,2 , which has 3744 carbon atoms. 
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2.2. Chirality 
As a simple extension of the above discussion of achiral TCNT, chiral TCNT can also be classified in 
similar fashions. Following the usual notation of chiral CNTs, we introduce the chirality by lining up the 
base vector of an unfolded unit cell along a particular chiral vector,  21, nn , the corresponding TCNT 
will belong to the Dn point group. In Figure 2(b) we present an example of chiral TCNT which 
corresponds to the  1,2  version of the D6d C288 in Figure 2(a). In general we find the relaxed structures 
of these chiral-derived TCNTs similar to their parent achiral molecules. This implies that the geometry of 
general curved graphitic structures is dominated by the distribution of nonhexagons. 
3. Buckled Carbon Nanotube 
In the previous section, we discussed the construction of highly symmetric TCNT by cutting graphene 
sheet according to the prescribed unfolded hollow-prismatic model. The target molecule can then be 
constructed by folding the graphene pieces together. In careful inspection on the resulting relaxed 
molecules, one can find that pentagons and heptagons forming at the vertices of the prism possess 
positive and negative gaussian curvatures, respectively. In fact, we have found that by changing the 
boundary condition of torus along the latitudinal direction by introducing periodicity, buckled CNT 
isomorphic to cylinder is formed, see Figure 3. The point group symmetry is not altered by this action and 
the local geometries of the molecule (solid) are similar to the parent TCNT. However one may notice that 
the mean curvature of the molecular surface seems reduced, implying that the extended structure has 
superior stability. And our preliminary calculations also support this observation, that for small TCNTs 
with number of atoms no more than five hundreds, the heat of formation is greatly decreased when 
adopting the topology of a cylinder. 
Figure 3: Illustration of the classification of buckled CNT. (a) Parent D6d TCNT. (b) Corresponding buckled CNT of the same point 
group symmetry. In this case we have shown two adjacent translational unit cells, where the direction of periodicity is parallel to z-
axis.
4. Helically-Coiled Carbon Nanotube 
Helically-coiled carbon nanotube (HCCNT) has been a subject of intense research (Dunlap 1994; Akagi 
et al. 1995; Akagi et al. 1996; Setton and Setton 1997). High-yield synthesis of it (Bajpai et al. 2004; 
Tang et al. 2010) had made possible the experimental characterization of its physical properties. Our 
group has focus on the construction and the geometric characterization of their structures (Chuang et al. 
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2009; Chuang and Jin 2009). We will quickly review the construction scheme of the structure and 
examine some of their important features in this section. Lastly, the combinative application of the 
geometric operations introduced here will lead to the construction of more complex graphitic structure, 
namely the CNT torus knot. 
4.1. Construction of HCCNT 
Berger and Avron (Berger and Avron 1995) proposed that Dnd TCNTs can be distorted and form Dn
isomers. And our group have generalized this idea and proceed to show that TCNTs possessing Dnd (Dnh)
symmetry can be isomerized to a corresponding Dnh (Dnd) TCNT through a set of stepwise geometric 
transformations (Chuang et al. 2009). Here we deliberately call this distortion process the horizontal 
shifting and denote it as HS hereafter. In general, the HS operation produces considerable strain, and the 
resulting molecule is considered to be highly unstable. In the first row of Figure 4, we show two examples 
of HS isomer of a parent achiral TCNT. However, the strain energy produced by HS can also be released 
if we dissect the HS-TCNT along any of its longitudes. The HS-TCNT will then curl up and form a 
HCCNT, as illustrated in the lower row of Figure 04. Here for convenience we define the horizontal 
shifting parameter ( HSP ) of the structure in the second column to be unity ( 1 HSP ). And clearly the 
HS-TCNT in the third column would correspond to 2 HSP . One finds that pitch angle of HCCNT 
with 2 HSP  is larger than that of one with 1 HSP . This curious result can be rationalized by the 
fact that the parent TCNT with 2 HSP  are more strained than the one with 1 HSP , thus its degree 
of curling after dissection should be larger. We shall study the relation of pitch angle to HSP  of general 
HCCNTs in detail below. 
Figure 4: Illustration of HCCNT. In the first row the parent D5h TCNT is horizontally shifted forming the distorted Dn-symmetric 
isomers on the right, where the HSP  of the distorted isomers are respectively one and two. HCCNTs of corresponding atomic 
connectivity are obtained by dissecting the HS-TCNTs vertically, allowing the molecule to curl up. 
4.2. Pitch Angle Dependence on the HS parameter 
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The relation between HSP  and the pitch angles pT  of geometry-optimized HCCNTs is shown in Figure 
5. The circles are the pitch angles obtained after geometry optimizations by molecular mechanics (MM) 
method, whereas the dashed line is the equation  arctant HSP gT  , where g  is the number of 
polyacetylene chains of the parent TCNT counted along the longitudinal direction, in this case we have 
8 g . The solid line is the same as the dashed line except we replace the tT  values larger than 4S  by 
2 tS T . It is clear that the approximation of tp TT |  is in good agreement with the MM results 
(dashed line). Nonetheless this approximation deviates significantly when 4tT S! , or equivalently 
when 8 ! gHSP  in this case. Intriguingly, this deviation can be fixed if the tT  values larger than 
4S  are replaced by 2 tS T  (solid line). In fact, the solid line agrees perfectly with the MM results 
when HSP  gets large. This implies that certain geometric phase transition occurs along the increment of 
HSP  of an HCCNT family. 
Figure 5: The relation of pitch angle pT  w.r.t. HSP . The circles are the results of molecular mechanics simulation. The dashed 
curve is the equation  arctant HSP gT  . And the solid curve is obtained by replacing the tT  with 2 tS T  when 
4tT S! .
4.3. Vertically Shifted HCCNT 
In addition to the HCCNT formed from HS-TCNT, there is another kind of HCCNT that is derived from 
shifting of atomic connectivities in a different fashion. For example in Figure 6, a D6h TCNT with 4 g
is shown at the upper left corner. Now let us we dissect the TCNT in half, make a 2S  twist, and then 
fold it back by connecting appropriate set of chemical bondings, as illustrated in the series directed by the 
arrow. The resulting molecule, at the lower right corner, again has helical symmetry and this kind of 
geometric operation is defined to be the vertical shifting (VS) of TCNT. 
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Figure 6: HCCNT deriving from vertical shifting of parent TCNT. Parent D6h TCNT is shown at the upper left. Following the arrow, 
TCNT is cut in halves along certain longitude. And the two halves of TCNT are rotated w.r.t. each other, finally connected again to 
form HCCNT. 
We note that Dunlap (Dunlap 1992; Dunlap 1994) is the first to investigate this kind of HCCNT, where 
he had given the name of nonuniform helix to describe HCCNTs of this kind. He had started within the 
viewpoint of development map, which is based on the concept of cut-and-fold to the construction of 
tubular graphitic structures. Akagi et al. (Akagi et al. 1995) proceeded to show that the nonuniform 
helices can be defined in a more explicit way. In their scheme, HCCNTs are constructed by imposing 
PBC on one of the direction of development map. The development map has some hollowed regions and 
HCCNTs are formed by gluing the edges of these regions together. HCCNTs can be classified according 
to the shape and type of hollowed regions and the PBC imposing on the map. Similar to the definition of 
chiral vector of straight CNTs, which is the vector that connects points identified by PBC, points that are 
identified by the molding of the hollowed regions give rise to the definition of another chiral vector. Thus 
HCCNTs can be seen as joining CNTs with two different chiral vectors and their physical properties can 
then be classified according to the two vectors. 
4.4. CNT Torus Knot 
With the knowledge of constructing HCCNTs from HS and VS operations, we now show that the 
combinative application of these two geometric operations can lead to the construction of curved CNT 
that is isomorphic to torus knot. For clarity, we first take the simplest torus knot, trefoil knot, for example. 
In Figure 7(a), a schematic illustration of trefoil knot is shown, where the red circles lie above the xy -
plane and the blue crosses lie below the plane. In part (b) of the figure, only one of the three rotational 
unit cells is shown and we find that it can be realized as a helical tube finishing one revolution, as 
exemplified in part (c). Thus we can first start with a suitable segment of HCCNT derived from HS-
TCNT, completing the threefold rotational symmetry according to the illustration. Note that at the three 
joints of the resulting trefoil knot we have actually performed vertical shift of certain extent, so the 
original HCCNT changes its direction of periodicity. In order to assure the turning angle at the joints 
match the geometric constraint of a trefoil knot, the number of polyacetylene chains contained in the 
HCCNT must be multiple of three. CNT trefoil knots constructed in this way are shown in Figure 8, 
where in part (a) a C504 is presented. Although the overall molecular geometry of this C504 CNT trefoil 
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knot seems to be chemically stable, our preliminary molecular mechanical calculation shows that the 
distances between the three helices, especially at the inner core where three straight CNTs are located, are 
too small comparing to the usual inter-tube distances in CNT bundles. This can be resolved following the 
construction scenario of elongated TCNT proposed by Itoh and Ihara (Itoh and Ihara 1993), namely by 
evenly adding strips of hexagons to the whole tubular structure. The resulting molecule is shown in 
Figure 8(b), which has 720 carbon atoms. Note that the numbers of nonhexagons are not altered. However 
the nonhexagons are now separated by hexagons more distantly than in ones in C504 which has adjacent 
octagons. We believe that it should be one of the smallest stable CNT trefoil knot. 
Figure 7: A simplified schematic illustration of trefoil knot. Red circles are the parts with positive altitudes and blue crosses are the 
parts with negative altitudes. (a) Trefoil knot divided into three congruent segments. (b) One of the three branches. Each branch
starts from a vertex of the smaller triangle, passes through one vertex of the larger triangle, and ends at another vertex of the smaller 
triangle. (c) Each branch can be replaced by a segment of a perfect helical tube. 
Figure 8: CNT trefoil knots. (a) Top view (left) and side view (right) of $C_{504}$ trefoil knot are shown. (b) An elongated version 
of the molecule, containing 720 carbon atoms. 
In general, a  qp,  torus knot with qp   can be viewed into q  helices connected end-to-end. 
Following the above mentioned recipe, we can construct CNT torus knot other than trefoil knot as well. In 
Figure 9(a) and (b) two CNT torus knot C960 and C2016 with    5,2,  qp  and  7,2  are shown, 
respectively. These molecules are of Dq symmetry as mentioned. Note that the number of atoms needed 
for constructing stable CNT torus knot quickly rises when q  increases. As in the case of trefoil knot, the 
HCCNTs chosen to construct the torus knot must contain number of polyacetylene chains that is multiple 
of q . In part (c) and (d) of Figure 9,  6,2  and  6,3  CNT torus knots are shown, both having 1440 
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carbon atoms. Since their parameters  qp,  are not relative primes, they are actually composed of two 
 3,1  and three  2,1  CNT torus knots separately without direct bonding, respectively. This observation 
is generally true for all other CNT torus knots having their  qp,  not relative primes. In other words, a 
   tsaqp ,,   CNT torus knot is composed of a  disjoint  ts,  CNT torus knots provided s  and t
are relative primes. 
Figure 9: CNT torus knots. (a)  5,2  torus knot with 960 atoms. (b)  7,2  torus knot with 2016 atoms. (c)  6,2  torus knot 
with 1440 atoms. (d)  6,3  torus knot with 1440 atoms. 
5. NECK-DERIVED GRAPHITIC STRUCTURES 
High-genus fullerenes (HGFs) possessing Ih and Oh symmetries having genus 11 and 5, respectively, were 
firstly proposed by Terrones et al. in a series of study (Lopez-Urias et al. 2003; Terrones and Terrones 
1997; Ricardo-Chavez et al. 1997; Terrones and Terrones 1998). And the general construction and 
classification of HGFs is reported by our group based on the decomposition of HGFs into smaller 
identical pieces called neck structures (Chuang and Jin 2009). Following this methodology and with the 
application of 2D tiling and coloring theory (Grumbaum and Shepard 1987), we also developed a 
classification scheme on the doubly and triply periodic porous graphitic structures (Chuang and Jin 2010). 
Here we will briefly summarize these results. 
5.1. Neck Structure and High-Genus Fullerenes 
In Figure 10(a) we show a D5h TCNT of indices  2,1,1,4 . Here at the outer rim we have drawn two 
thicken lines circumventing the positively curved part of the torus. And in the part (b) of the figure this 
part is removed so the thicken lines are now containing under-coordinated carbon atoms. Now this 
remaining catenoid-shaped part of the TCNT is called a neck structure, which serves as fundamental 
piece of construction for the complex porous structures discussed below. Since the neck structures contain 
hexagons and heptagons only, they possess non-positive curvature throughout. And notice that, like 
TCNT, given the rotation symmetry number, it takes four geometric indices to specify a neck structure. 
Here the 55n  is futile, however we have additional freedom of assigning different 75n  values at the two 
ends of the neck. With the definition of the neck, we will now show that the construction of HGFs can be 
realized as connecting identical necks with suitable set of parameters along the high symmetry direction 
of the target molecule. 
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Figure 10: (a) A typical D5h-symmetric TCNT with pentagons and heptagons. (b) A neck structure formed from removing the outer-
rim of the TCNT shown in (a). 
In Figure 11(a) a pentagonal neck is shown to fit in the pentagonal pyramidal formed by connecting the 
five vertices and the center of a dodecahedron, and in part (b) the whole dodecahedron is complete by 
applying proper symmetry operation of I point group. Here in these two figures, we adopt the dual space 
representation of the graphitic. The dual space representation emphasizes the edges of graphitic structures, 
thus can facilitate the perception of the construction process. For more discussion on the advantages of 
utilization of dual space representation in the context of classifying complex graphitic structure, readers 
are referred to a recent report from our group (Chuang el al. 2009). In part (c) we present the relaxed 
molecule containing 1500 carbon atoms. Now the recipe of HGF construction can be understood as first 
choosing a suitable neck then replacing the polygon of a target HGF polyhedron by the neck. In our 
previous report (Chuang and Jin 2009), all five Platonic polyhedra and some exemplar Archimedean 
polyhedra are shown to be possible of forming stable HGFs. 
Figure 11: Illustration of constructing HGF dodecahedron. (a) Twelfth of a regular dodecahedron, a pentagonal pyramidal. The dual 
space representation of a fivefold neck is fitted at the bottom of the pyramidal. (b) The completed HGF dodecahedron. (c) The 
relaxed molecule C1500.
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5.2. Periodic Porous Structures 
In a recent report from our group (Chuang and Jin 2010), we have generalize the idea of classifying HGF 
with neck structures to the general doubly and triply periodic porous graphitic structures. The 
generalization is straightforward. Consider the three Platonic tilings: equilateral triangular tiling, square 
tiling and honeycomb lattice. It is clear that by replacing the polygons in the tiling by necks with 
corresponding rotational symmetry, doubly periodic `supergraphene' can be constructed, as shown in 
Figure 12. In contrast to the equilateral triangular tiling and the honeycomb, the square tiling of neck 
possesses octagons at the vertices of the tiling, implying an angular excess at the place. Besides Platonic 
tilings composing of identical tiles, Archimedean tilings of necks are also viable for producing chemically 
rational periodic porous structure. 
Figure 12: Platonic tilings of necks. (a) Equilateral triangular tiling. (b) Square tiling. (c) Honeycomb lattice. 
In addition to 2D tiling of necks, a family of triply periodic porous structure is also closely related to the 
above scheme. Consider the colorings of the square tiling restricted to only two colors, one can find three 
possibilities (Grunbaum and Shepard 1987), see the first row of Figure 13. Here in the illustration, black 
and white square tiles are, same as in the 2D case, to be replaced by neck structure of D4h symmetry. 
However, necks corresponding to black tiles are elevated by an altitude of their own height. Thus the 
lower end of the elevated neck is concatenated with the upper end of the neighboring unaltered necks. 
The third periodicity is then completed by repeatedly superimposing necks according to the colors of their 
corresponding tiles upward (downward). The resulting triply periodic graphitic structures are shown in 
the lower row of Figure 13. 
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Figure 13: The three colorings of square tiling. Illustrations on the upper row are the colorings and the solids shown below are their 
corresponding 3D graphitic porous structures. 
6. CONCLUSIONS 
In this paper, we summarized the construction schemes for a variety of complex graphitic finite or 
periodic structures. Starting from torus, buckled CNT, helically coiled CNT, and CNT torus knot are 
constructed. Among the construction of these tubular structures, two different geometric operations are 
involved, namely the horizontal and vertical shifting. In this scheme, the distribution of nonhexagons on 
the molecular surface automatically marries up with the distribution of gaussian curvature. By specifying 
suitable geometric parameters, stable graphitic isomers of these peculiar topologies can be obtained. 
Moreover, porous molecular structures, either finite or periodic, can be constructed utilizing the basic unit 
of neck structures, which derives from parent TCNTs. These porous graphitic structures are found to be 
light-weighted and stable, depending on the selection of appropriate geometry of necks. 
7. ACKNOWLEDGMENTS 
We wish to acknowledge the financial support of NSC, Taiwan, ROC. B.-Y. Jin thanks the support from 
the Center of Quantum Science and Engineering, NTU, Taiwan. 
REFERENCES 
[1] Akagi K, Tamura R, Tsukada M, Itoh S, Ihara S (1995). Electronic Structure of Helically Coiled Cage of Graphitic Carbon. 
Physical Review Letter, 74, pp. 2307–2310. 
[2] Akagi K, Tamura R, Tsukada M, Itoh S, Ihara S (1996). Electronic Structure of helically coiled carbon nanotubes: relation 
between the phason lines and energy band features. Physical Review B, 53, pp. 2114-2120. 
[3] Bajpai V, Dai L, Ohashi T (2004). Large-scale synthesis of perpendicularly aligned helical carbon nanotubes. Journal of the
American Chemical Society, 126, pp. 5070–5071. 
C. Chuang et al. / Procedia Engineering 14 (2011) 2373–2385 2385
[4] Berger J and Avron JE (1995). Classification Scheme for Toroidal Molecules. Journal of Chemical Society Faraday 
Transaction, 91, pp. 4037–4045. 
[5] Chuang C, Fan YC, Jin BY (2009). Generalized Classification Scheme of Toroidal and Helical Carbon Nanotubes. Journal of 
Chemical Information and Modeling, 49, pp. 361–368. 
[6] Chuang C, Fan YC, Jin BY (2009). Dual space approach to the classification of toroidal carbon nanotubes. Journal of 
Chemical Information and Modeling, 49, pp. 1679–1686. 
[7] Chuang C and Jin BY (2009). Hypothetical toroidal, cylindrical, and helical analogs of C60. Journal of Molecular Graphics &
Modelling, 28, pp. 220–225. 
[8] Chuang C and Jin BY (2009). Systematics of high-genus fullerenes. Journal of Chemical Information and Modelling, 49, 
pp.1664–1668. 
[9] Chuang C and Jin BY (2010). Classification of hypothetical doubly and triply periodic porous graphitic structures by tilings of 
neck-like units. Journal of Mathematical Chemistry, 47, pp. 1077–1084. 
[10] Dunlap BI (1994). Constraints on small graphitic helices . Physical Review B, 50, pp. 8134–8137. 
[11] Dunlap BI (1992). Connecting carbon tubules. Physical Review B, 46, pp. 1933–1936. 
[12] Grünbaum B and Shephard GC (1987). Tilings and Patterns. W. H. Freeman and Company. First edition. 
[13] Ihara S, Itoh S, Kitakami J (1993). Toroidal form of carbon C360. Physical Review B, 47, pp. 12908–12911. 
[14] Iijima S (1991). Helical Microtubules of Graphitic Carbon. Nature , 354, pp.56–58. 
[15] Itoh S and Ihara S (1993). Toroidal forms of graphitic carbon. II. Elongated tori. Physical Review B, 48, pp. 8323–8328. 
[16] Krishnan A, Dujardin E, Treacy MMJ, Hugdah J, Lynum S, Ebbesen TW (1997). Graphitic Cones and the Nucleation of 
Curved Carbon Surfaces. Nature, 388, pp. 451–454. 
[17] Kroto HW, Heath JR, OBrien SC, Curl RF, Smalley RE (1985). C60 – Buckyminsterfullerene. Nature , 318, pp.162–163. 
[18] Lenosky T, Gonze X, Teter M, Elser V (1992). Energetics of negatively curved graphitic carbon. Nature, 355, p. 333. 
[19] Lopez-Urias F, Terrones M, Terrones H (2003). Electronic properties of giant fullerenes and complex graphitic nanostructures 
with novel morphologies. Chemical Physics Letter, 381, pp. 683 – 690. 
[20] Neto AHC, Guinea F, Peres NMR, Novoselov KS, Geim AK (2009). The electronic properties of graphene. Reviews of 
Modern Physics, 81, pp 109-163. 
[21] Ricardo-Chavez J, Dorantes-Davila J, Terrones M, Terrones H (1997). Electronic properties of fullerenes with nonpositive 
Gaussian curvature: Finite zeolites. Physical Review B, 56, pp. 12143–12146. 
[22] Setton R and Setton N (1997). Carbon nanotubes.. III. Toroidal structures and limits of a model for the construction of helical
and S-shaped nanotubes . Carbon, 35, pp. 497–505. 
[23] Tamura R, Ikuta M, Hirahara T, Tsukada M (2005). Positive magnetic susceptability in polygonal nanotube tori. Physical 
Review B, 71, 045418. 
[24] Tang N, Wen J, Zhang Y, Liu F, Lin K, Du Y (2010). Helical Carbon Nanotubes: Catalytic Particle Size-Dependent Growth 
and Magnetic Properties. ACS Nano, 4, pp. 241–250. 
[25] Terrones H and Mackay A (1992). The geometry of hypothetical curved graphite structures. Carbon, 30, pp. 1251–1260. 
[26] Terrones H and Mackay A (1993). Triply periodic minimal-surfaces decorated with curved graphite. Chemical Physics Letter, 
207, pp.45–50. 
[27] Terrones H and Terrones M (1997). Quasiperiodic icosahedral graphite sheets and high-genus fullereneswith nonpositive 
Gaussian curvature. Physical Review B, 55, pp. 9969–9974. 
[28] Terrones H and Terrones M (1998). Fullerenes with non-positive Gaussian curvature: holey-balls and holey-tubes. Fullerene 
Science and Technology, 6, pp. 751–767. 
[29] Terrones H and Terrones M (1998). Fullerenes and nanotubes with non-positive Gaussian curvature. Carbon, 36, pp. 725–730. 
[30]  Zhang XF and Zhang Z (1995). Polygonal Spiral of coil-shaped carbon nanotubes. Physical Review B, 52, pp. 5313–5317. 
